volume 18 | number 2 | february 2015 nature neuroscience n e w s a n d v i e w s the transport cycle, making it difficult to draw conclusions about trafficking from this result. Murphy-Royal et al. 1 then cross-linked the epitope tag with antibodies and found that it impaired EAAT2 mobility without affecting transport activity by a number of sensitive criteria, including transport kinetics 1 . Cross-linking also increased EPSC rise time and decay. It is difficult to understand how cross-linking could do this because the recombinant protein presumably represents only a fraction of the total transporter present in cultured glia. The effect, however, was small and could therefore reflect the contribution of this small population of transporter. To cross-link all EAAT2 in the preparation, the authors took advantage of an antibody that recognizes a lumenal loop of the endogenous protein. This antibody also slowed EPSC rise time and decay and, as expected given that the antibody should cross-link all endogenous protein, had a larger effect than cross-linking of the introduced transporter.
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Given that dissociated cultures cannot replicate the arrangement of astrocytes and neurons in vivo, the authors extended their analysis to hippocampal slices. Antibodies do not penetrate very well into slices, so Murphy-Royal et al. 1 injected the EAAT2 antibody directly into the brain and prepared hippocampal slices shortly thereafter 1 . They again confirmed that the antibody did not impair transport activity, using the total charge transfer of glial transporterassociated currents as a readout. Nonetheless, cross-linking again increased spontaneous EPSC rise time and decay without affecting EPSC amplitude. The effect of cross-linking therefore seems very consistent from culture to slice, and as cross-linking does not seem to affect glutamate transport, it presumably acts through impaired diffusion. However, it is important to note that cross-linking did reduce the peak amplitude of glial transporter currents, and this unexplained finding may suggest a more subtle effect on transport activity. Regardless, the effect of cross-linking on EPSC kinetics seems almost as large as that of the pharmacologic inactivation of multiple glutamate transporters reported previously in multiple systems 2 .
How can mobility be so important to the synaptic function of EAAT2? The authors raise the possibility that high mobility contributes to the action of glial transporters as buffers for glutamate (Fig. 1) . The acute, stoichiometric binding of synaptically released glutamate would require extremely large numbers of transporter molecules, and high mobility provides an alternative, complementary solution: unbound transporter further away from the synapse can replace glutamate-bound transporter closer to the synapse. This in turn raises the question of why the released glutamate does not simply diffuse further to the unoccupied transporter. The diffusion rate of a small molecule such as glutamate in solution should greatly exceed the rate of EAAT2 diffusion in the plane of the membrane. It also remains unclear what proportion of the transporter normally resides at synaptic and extrasynaptic sites. The authors show steady-state colocalization of EAAT2 with a synaptic protein, suggesting a small extrasynaptic reservoir that might be limiting for the proposed mechanism. However, the low mobility of synaptic EAAT2 contrasts with the high mobility observed overall, suggesting a larger extrasynaptic pool.
The mechanisms that regulate transporter mobility and synaptic localization also remain unknown. What confers the localization near synapses, the differences in diffusion rate at different sites, and the potent effect of glutamate apparently acting through a mechanism that involves both glutamate receptors and the transporter itself? We do not know how or even whether the previous work on EAAT trafficking relates to these phenomena. It should be possible to start with the changes in mobility observed here and identify the molecular mechanisms responsible. The results presented by Murphy-Royal et al. 1 thus point in several fruitful new directions.
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a convergent tale of two species

Shihab A Shamma
Spatial hearing in birds and mammals is more alike than previously thought in its patterns of developmental plasticity, physiological responses, and the computations employed to interpret binaural cues and map the environment.
It has long been puzzling why spatial hearing in birds and mammals differs so considerably despite the many homologous structures in their auditory systems 1 . Although the physiology and anatomy of the binaural auditory processing areas seem superficially analogous across species, the functional algorithms implied by these neural architectures appear to differ fundamentally in the way they extract and exploit the localization cues 2 . Even the course of plasticity following major interventions results in very different patterns of recovery, reinforcing the view that auditory processing and development in mammals and birds have little in common.
A specific case in point is two classic studies in barn owls 3 and ferrets 4 in which juvenile animals were reared to adulthood in a normal environment with one ear plugged, and then tested on the same behavioral task of localizing broadband noisy sounds containing all frequencies, much like the static on a radio (Fig. 1) . Both owls and ferrets were able to perform the task fairly well despite the deficits, but they appeared to utilize very different strategies. In addition to the loss of sound intensity from one ear, owls also experienced a disruption in the normal time delay of arrival of sound between the two ears, the so-called interaural timing difference (ITD). They compensated for these changes by shifting the 'midline' percepts toward the deafened ear, effectively npg n e w s a n d v i e w s countering the mismatched interaural disparities by re-weighting the inputs to the binaural comparison cells and boosting the sensitivity of the inputs from the plugged ear. In contrast, ferrets essentially discarded the plugged ear and became more dependent on their ability to localize sounds horizontally with the unchanged spectral localization cues provided by the intact ear. The results of these earlier studies reinforced the impression that these animals simply had very different auditory rules of plasticity and localization strategies.
A new study by Keating et al. 5 in this issue of Nature Neuroscience reexamined these conclusions. The basis of this reexamination rests on the realization that, although both owls and ferrets can localize these sounds quite similarly, they have access to different spatial cues. Both species normally rely on binaural cues for horizontal localization, whereas owls are unique (even among birds) in localizing sources at different elevations by mapping them to sound level differences between the two ears, or interaural level differences (ILDs), which is made possible through a vertical offset of the outer ear openings 6 . Consequently, all owls' localization cues are binaural in character, in contrast with ferrets (and other mammals), which can also utilize monaural spectral cues created by their pinnae, especially at the high frequencies, for vertical and even horizontal localization 4 . The authors therefore hypothesized that the use of broadband spectra in previous studies allowed the ferrets to fall back on the intact monaural spectral cues and dispose of the need to rely on the surviving and abnormal binaural cues (as owls must), and hence led to the apparent difference in the observed patterns of plasticity. To test this hypothesis, the authors repeated the ferret localization task, but used only spectrally narrow band high-frequency sounds that did not provide any monaural spectral cues, thereby forcing the ferrets to utilize the binaurally mismatched ILD cues. They then tested whether ear-plugged juvenile ferrets could adapt over time to perform the tasks and whether their cortical binaural responses exhibited the same ILD plasticity seen in the owl.
These experiments unequivocally revealed that indeed both mammals and birds can adapt to compensate for ILD mismatches in very similar ways. Specifically, ferrets with a plugged ear at the onset of hearing learned to localize sources in adulthood, suggesting that they learned to exploit the ILD cues despite the disruption. To confirm this plasticity and its underlying neural mechanisms, the authors contrasted the ILD sensitivity of primary auditory cortical responses in normal and plugged ferrets. As expected, cortical neurons in normal ferrets exhibited sensitivity to this binaural cue, whereas ferrets recently plugged in one ear did not. However, the adapted ferrets that received their earplugs as juveniles displayed a striking shift of their ILD sensitivity toward the non-plugged ear, although they were not fully able to compensate for the total level of disparity introduced by the plugs.
These results led also to the unanticipated discovery that a commonly postulated strategy for binaural processing in the brainstem of mammals may in fact be incorrect, at least at the level of auditory cortex. The strategy is known as the hemispheric decoder approach, in which both ITDs and ILD's are reflected by the difference between the mean activity of all neurons in the two hemispheres 7, 8 . However, Keating 5 et al.'s computer simulations with population decoders that interpreted the measured responses of all primary auditory cortical neurons using this strategy failed to account for the performance of the juvenileplugged ferrets. Instead, an alternative opponent-process decoder fared much better, both with respect to performance and to robustness to many manipulations. The decoder derived its localization estimates exclusively from comparisons between leftand right-preferring neurons, regardless of the hemisphere in which they were recorded. Such a reliance on heterogeneous ILD sensitivity curves of neurons distributed within a hemisphere is a strategy that is conceptually closer to what earlier studies had postulated in birds.
Of course, as with all provocative findings, these observations raise new questions that need to be addressed. For example the opponent-process decoder provides too simplistic of a view of the neuronal population, ignoring the huge disparity in the numbers of left-and right-preferring neurons and weighting the two populations equally. Furthermore, the decoder and physiological responses do not explain how these neurons are labeled according to preference in the first place, or how they are organized for this computation. Nevertheless, the framework provided by this alternative hypothesis will inevitably stimulate future investigations. For example, can ferrets adapt equally to localize narrowband lowfrequency sounds, which can only be localized using ITDs? Previous experiments have largely ignored whether mammals adapt their ITDs as owls do, but perhaps a careful concerted effort would clarify whether any difference exists for this cue too. In summary, the behavioral, neurophysiological and computational findings of this study offer strong support for its main thesis: despite eons of separate evolution, birds and mammals have conserved important rules of auditory plasticity and have preserved a remarkable flexibility to exploit whatever reliable sensory cues are available to navigate their environment. Figure 1 Sound localization with one ear plugged. Although once thought to employ different strategies, barn owls and ferrets utilize similar interaural level difference-based cues to localize a sound 5 .
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